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MERCURY PRODUCED BY ELECTRON-BOMBARDMENT I0N ENGINE

By Nelson L. Milder

SUMMARY

A mass spectrometer employing a fixed magnetic field was used to

analyze the ion-beam exhaust of an electron-bombardment ion engine. The

beam was studied at several steady-state operating conditions. The ion-

chamber potential difference was varied between 20 and i00 volts for net

accelerating potentials ranging from 900 to 4900 volts.

From the observed data, the relative current densities of doubly

and singly ionized mercury were estimated. The fraction of the total

beam current due to doubly charged mercury varied from less than 0.OS

at low ion-chamber potential differences to over 0.3 at the high poten-

tial differences. The presence of these doubly charged mercury ions in

the beam reduced the calculated thrust by less than i0 percent at an

ion-chamber potential difference of i00 volts and by only about 4 per-

cent at a potential difference of 50 volts.

I

v-

INTRODUCTION

In its present stage of development_ the electron-bombardment ion-

rocket engine appears to employ an efficient method for creating and

accelerating ions to obtain thrust (refs. i to 3). Theoretical con-

siderations indicate that the process by which ions are created in such

an engine may result in the formation of differently charged ions; for

example, the propellant generally used is mercury, which may form singly,

doubly, or triply charged ions (Hg +, Hg++, and Hg _-+, respectively) in

the range of bombardment electron energies of interest (up to i00 ev).

Since the occurrence of doubly and triply ionized mercury in any appre-

ciable quantity is undesirable on the basis of overall engine perform-

ance, there is a need for ascertaining the degree to which such ions are

produced. Aceordingl_ a series of tests was made using a simple mag-

netic mass spectrometer to determine the approximate fractions of the

ion beam attributable to the various ionic species. An estimate of the

effect on overall engine performance due to the production of doubly

ionized mercury is also presented.
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SYMBOLS

magnetic field strength, gauss

hot-wire calorimeter sensitivity constant, amp2/cm 2

ion displacement from initial trajectory, cm

calorimeter output voltage

electronic charge, i. 6×10 -19 coulomb

generalized current density_ amp/cm 2

current density of ion beam, amp/cm 2

current density of Hg +, amp/cm 2

current density of Hg ++, amp/cm 2

length of magnetic field region, cm

ion mass, g

electron mass, g

density of neutrals, cm -3

density of Hg+, cm -3

density of Hg++, cm -3

density of electrons, cm -3

ionic charge, coulombs

radius of ion trajectory in magnetic field, cm

radius of arc traversed by detector probe, cm

thrust per unit area, dynes/cm 2

time_ sec

ac celerat or voltage

ion net accelerating voltage

P
f
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v

v

Z

G0, i

G0, 2

al, 2

ion-chamber potential difference between anode and cathode_ v

ion velocity_ cm/sec

electron velocity_ cm/sec

mean electron velocity, cm/sec

number of electronic charges

fraction of total ion beam due to Hg++

electron-atom single ionization cross section, cm 2

electron-atom double ionization cross section_ cm 2

electron-ion double ionization cross section_ cm 2

p APPARATUS

Vacuum Facility

The experiment was performed in one of the electric-rocket vacuum

test facilities at the Lewis Research Center. A cutaway sketch of the

vacuum tank with the engine and spectrometer installed is shown in fig-

ure I. The spectrometer was mounted at two positions, 18 and 42 inches

downstream of the engine, and was alined by motor-driven actuators

mounted inside the tank. The tank pressure was maintained at about 10 -6

millimeter of mercury. A more detailed description of the vacuum facil-

ity is given in reference 4.

Ion Engine

An electron-bombardment ion-rocket engine was used employing mer-

cury as the propellant. A cutaway drawing of the engine is shown in

figure 2(a), and figure 2(b) is a schematic diagram showing the essen-

tial components and power supplies. Detailed descriptions of this engine

are given in references 2 and 3. High-velocity electrons emitted from

a hot filament collide with mercury atoms and ionize some of them. A

weak magnetic field (20 to 30 gauss) is provided to increase the elec-

tron path length and_ hence_ the collision probability. The ions that

pass through the screen are accelerated rearward to produce an ion beam.

The engine was operated at net accelerating voltages V I (see fig.

2(b)) ranging from 900 to 4900 volts. Electron energies producing the

ions were characterized by the ion-chamber potential difference AV I

and ranged from 20 to i00 volts. All tests were made at a propellant

utilization efficiency of about 80 percent.
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Description of Spectrometer

A simple mass spectrometer (fig. 3) consisting of a constant mag-
netic field of 400 gauss was used to separate differently charged mer-
cury ions from the total beam. A detailed description of the various
componentsshownin figure 3 follows.

Magnetic field. - The magnetic field was provided by 22 bar magnets_

i inch in diameter and 2 inches long, mounted between two high-permeability

steel plates (figs. 3 and 4). The effective length of the constant field

region was about i0 inches with a rectangular opening between plates of

about 2 by 6 inches. The field strength was measured with a Hall effect

gauss meter and was uniformly 400 gauss to within ±5 gauss between the

two steel plates. A copper sheet with a centered 1-inch-diameter hole

was attached to the front of the magnet assembly to provide a means for

mounting collimating slits of various sizes. The top plate was extended

in order to support the detector actuating system as shown in figure 4.

Collimator. - Two coaxialiy mounted slits separated about i0 inches

were used to collimate the ion beam. The relative positions of these

slits are shown in figure 3.

Different slit size combinations were tried in order to find a com-

bination that gave a good narrow beam while keeping transmitted power as

high as possible. A further discussion of these slit sizes is presented

in the Spectrometer Adjustments section.

Detector. - Two hot-wire calorimeters were used to survey the beam

upstream and downstream of the magnetic field, so that a comparison

between incident and transmitted beam power could be made. The arrange-

ment of the calorimeters is shown in figures 3 and A. A detailed

description and analysis of the hot-wire calorimeter is given in ref-

erence 5. Upon striking a small fine wire (O. O05-in. diam. by 0.375

in. long), the ion beam heats the wire and changes its resistance. A

small constant current through the wire is used to measure this re-

sistance changej which corresponds to the power density in the beam.

The high sensitivity of this device proved to be well suited to the ex-

periment, since a very small fraction of the total beam power entered

the magnetic field. The hot wires were supported by i/4-inch-outside-

diameter, O. 049-inch-wall tubing. The probe was so mounted as to pivot

about an axis coincident with the entrance slit. The mounting enabled

surveys to be made over an arc of 30°_ which covered the total field

gap. The position of the front (upstream) probe relative to the back

(downstream) probe was offset, so that interference did not occur. The

hot-wire probe traverse was monitored by means of a biased lO0_OOO-ohm

potentiometer, such that the variation in the d-c signal produced by one

complete turn of the potentiometer corresponded to full-scale traverse

of the probe. This d-c signal was fed to the x-axis of an x-y plotter.

!
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The beam signal_ as detected by the hot-wire calorimeter, was fed to

the y-axis of the recorder through a d-c amplifier set at a gain of

about 300. The resulting signal-to-noise ratio varied between 5' i and

about 30:i_ depending upon the engine operating conditions.

Housing. - A cylindrical water-cooled copper can approximately

i foot in diameter by 2 feet long was used to house the spectrometer

assembly. A honeycomb shield was placed on the end of the can facing

the ion rocket. The first collimating slit was placed in the plane of

i
this shield. A copper plate with a l_-inch-diameter hole was placed

between the front of the can and the magnet assembly in order to isolate

the detector actuator and magnet assembly from the beam. The can was

water-cooled to provide a constant temperature environment for the

detectors.

The magnet was fastened to the inner wall of the can in a fashion

amenable to optical alinement of the t_o collimating slits. The copper

housing was so connected to an actuator system mounted_to the inner

walls of the vacuum tank that small alinement adjustments could be made

in two directions transverse to the direction of the beam.

Theory of Spectrometer Operation

The spectrometer used in this investigation employed the well-

known action of a Ze_ × _) force on a charged particle. An ion _ith

velocity v entering a magnetic field B along a trajectory perpen-

dicular to the field is deflected in a circular path of radius R

according to the relation

v 2

m-_- = BZev (i)

The initial velocity of the ion is that obtained by so accelerating

it through a potential difference V I (see fig. 3) as to impart an en-

ergy given by

A
2 my2 = ZeVI (Z)

Therefore,

v I ZeV-- ) (3)

From equations (i) to (3), for a constant magnetic field strength, the

radius of curvature R can be written as

R = g (4)



The ion trajectory is shown in the following sketch:
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The perpendicular distance d between the initial ion trajectory and

the position of the ion upon leaving the magnetic field is related to

R and the effective field length Z by the equation

- j (5)

Because of the manner in which the hot-wire probes were mounted

and actuated, the ion beam was traversed along a small segment of cir-

cular arc. The radius r of this circle was large (_i ft) and Z _ r,

however, so that to a good approximation the deflected beam position on

this arc corresponded to d.

Theory of Detector Operation

The theory of operation of the hot-wire calorimeter is described

thoroughly in reference 5 and will not be treated in detail herein.

Only one of the basic relations of the wire operation need be presented.

With constant current J through the wire, the output voltage E is

related to the local ion current density j by the relation

A_ JJ=const = 7' (cm2)(v) (6)

where C is the sensitivity constant and AE is the voltage drop

across the wire. From this relation current density Jn can be ex-

pressed in terms of measurable parameters, since

C SA
4

an = j V I
(7)



where S is the scale factor on the plotter and A is the area under

the recorded curves. This relation shows that the ratio between current

densities of the different ionic species at a given acceleration voltage

and ion-chamber potential difference is equal to the ratio of the areas

corresponding to these species.

I

Spectrometer Adjustment s

In order to obtain conditions of optimum transmission and resolu-

tion, the following three variables were utilized: (i) the distance

between the spectrometer and the engine, (2) the alinement of the spec-

tromete_r with the engine so that the ion beam w_s incident on the spec-

trometer slits, and (3) the selection of collimating slit sizes. The

manner in which these three parameters were varied is described sub-

sequently.

Because of mechanical and spatial limitations, the spectrometer

was mounted at only two fixed distances from the engine. The experi-

ment was performed at each of the two positions. The first experiment

was performed for an engine-spectrometer separation of about 42 inches;

whereas the second experiment was performed at a separation of about

18 inches.

The actuator system attached to the spectrometer housing was used

to aline the device with the engine without opening the vacuum facility.

Thus the proper alinement could be maintained by adjusting the spec-

trometer while the engine was in operation. Variation of the spectrom-

eter alinement indicated that the maximum transmission did not coincide

with visual alinement, presumably because of accelerator anomalies or

space-charge effects in the beam.

The fraction of the beam transmitted, as measured by the ratio of

the beam power passing through the magnetic field to the power passing

through the first slit (fig. 3), vas approximately constant at 0.02 for

both spectrometer positions. Thus the results proved to be insensitive

to spectrometer position over the range of operating conditions inves-

tigated.

In order to optimize transmission and resolution simultaneously,

collimating slits of various sizes were tested. The slits were about

19 millimeters in length and varied in width. Trial and error showed

that the best results were obtained for a front slit width of 3 milli-

meters and a back slit width of 2 millimeters.
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RESULTSANDDISCUSSION

Resolution

The experiment revealed the existence of only two ionic species in
the range of engine operation employed (fig. 5). It will be shownlater
that the observed peaks can be identified with Hg+ and Hg++. The reso-
lution (i.e., the ability to separate the different ionic species) de-
creases with increasing accelerating voltage. This sharp dependenceof
resolution on accelerating voltage is to be expected_ since the spec-
trometer used only a _ × _ field with constant B (rather than the
generally used _ x _ field) to separate the ions. The experiment was
not designed for optimum spectroscopic analysis of an ion beam_however,
and the instrument did serve the purpose for which it was intended.

The line widths at half maximumintensity remained fairly constant
and independent of engine operating potentials (fig. 5). This fact
would seemto imply that no appreciable velocity distribution (resulting
from grid aperture effects, distributions in mass, etc.) existed over
the portion of the ion beampassing through the spectrometer, since
marked variation in line widths with varying accelerating potentials
could be expected. The observed line widths can be attributed to an
energy distribution characteristic of the geometrical arrangement of
the spectrometer collimating slits and the hot-wire calorimeter.

!

CO
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Identification of Peaks

The theoretical dependence of the displacement d on the radius

of curvature R of the ion trajectory in a magnetic field (and thus on

the accelerating voltage VI) enables calculation of the dependence of

the separation between beam intensity peaks fkl on accelerating voltage.

This dependence is shown in figure 6 for the separation between

Hg + and Hg ++ in a field of 400 gauss. The data points represent ob-

served separations. Of course, the error in measuring these separations

increased with decreasing resolution (and, hence, increasing voltage).

At an ion net accelerating voltage of 900 volts, the probable error in

measurement was about 3 percent; whereas, at 4000 volts, the error was

about 20 percent. The general trend of the data indicates fairly con-

clusively that the two observed peaks corresponded to singly and doubly

ionized mercury.

The relative peak separation _d rather than the peak displace-

ment from the spectrometer axis was used to interpret the data. Com-

parison of the observed peak positions with the calibrated probe traverse

indicated displacements greater than those expected from theoretical

considerations. An attempt to identify the observed data with masses
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other than mercury proved futile. Subsequent investigation which in-

dicated that the ion beam axis was not coincident with the engine spec-

trometer axis accounted for the apparent discrepancy. The peak-to-peak

separation, however, would not be affected by this phenomenon_ and thus

could be obtained directly from the data.

The presence of Hg+++ was not observed at any of the operating

conditions employed in this experiment; however_ it should be pointed out

that this does not rule out the possibility for the occurrence of Hg +++

at these conditions. The amount of Hg+++ produced should probably be

small and well within the noise level of the detecting system.

Secondary lonization Measurements

The main process by which ions are produced in an electron-

bombardment engine is electron-atom collisions. Electrons with energies

greater than about i0 electron volts may collide with mercury atoms to

produce Hg+; while electrons with energies greater than about 30 elec-

tron volts may produce Hg ++ ions. Cross sections for these ionizing

collisions are presented in references 2, 6, and 7 as a function of

electron energy. The ionization process can be described in terms of

ion production ratio (ions/(cm3)(sec)) as follows:

dn4_ _

dt - _0, 2no n-v-
(Sa)

dn+
= _0, ino n-V- (8b)

In terms of current densities_

J++ - 2 °o, 2 (9)
J+ aO, 1

The factor 2 occurs because of the two electronic charges of a doubly

ionized atom. A graph of equation (9) is represented by the solid curve

in figure 7. Note that relations (8) are valid for monoenergetic ion-

izing electrons. In the case of the electron-bombardment engine, how-

ever_ the ionizing electrons emitted at the ion-chamber voltage AV !

are not monoenergetic_ and a more precise relation would have the form

dn++ Zv_=(2e AVI/m-) I/2= qO, 2(v-)n0n- dv_ (lO)
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Since the curve in figure 7 was determined from cross sections corre-

sponding to monoenergetic electrons, it is probably higher than one that

would have been obtained with an integrated expression such as equa-

tion (i0).

In addition to the electron-atom collisions, there may occur col-

lisions of a second kind, namel_ electron-ion col!isions_ which would

have a tendency to increase the Hg++ yield. The magnitude of the second

type of ion-producing process can be estimated by including in equa-

tions (8) an additional term as follows:

dnw__

d---_-= °O, 2non-_- + al_ 2n+n-_- (lla)

dn+

d-_- = aO_ lnO n-V- - °l, 2n+ n-V- (llb)

Again; in terms of current densities; in this case_

J++ t %, 2 n+ C_l,2 t

--=2-- +--
j+ n+ nO n+

0, i - _00 al_2 aO'l - _00 _1,2

(12)

In making the preceding estimations, charge exchange processes in

the beam have not been considered. Presumably, the ionized products of

these reactions would not contribute substantially to the ion beam cur-

rent density as measured by the hot-wlre calorimeters_ since they would

be low-velocity ions, that is, of the order of neutral velocity.

The data of figure 7 indicate values of j++/j+ greater than those

predicted from equation (9). If this increase is attributed to electron-

ion collisions, it should be possible to estimate the cross section for

this process from equation (12). Unfortunately the ion and neutral

densities are not known with sufficient accuracy to justify a calcula-

tion of GI, 2 at this time.

!

Effect on Engine Performance

As mentioned earlier in the report, the presence of Hg ++ in the ion

beam is undesirable on the basis of overall engine efficiency. Ideall_

an ion beam composed of I00 percent Hg + producing a required thrust is

desirable. In reference 9 it is shown that the thrust per unit area can

be represented by an equation of the form

A j v /2 (13)
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where j is the current density. In this section the effect of Hg ++

on thrust calculations is estimated from the measured values of current

density ratio J++/JT" This ratio, determined from graphic traces sim-

ilar to those shown in figure 5, was found to vary between approximately

0.08 at an ion-chamber potential difference of 30 volts and 0.3 at i00

volt s.

The actual thrust per unit area produced by an electron-bombardment

engine can be written

j++ m 1/2 (
Tactfal - [j+(_)_/2 + lqL 1 21/2VI/2 i_)

which can be rewritten as

Tactual ( 2-!/2j++) (#)_/2A = J+ + 21/2V_/2 (!5)

The factor 2-1/2 occurs because of the two charges associated with the

doubly charged ion.

The ideal thrust that would have been obtained if only singly

charged mercury ions were in the beam is simply

(16)

with JT the total current density in the beam. The ratio of actual

to ideal thrust is; then,

Tactual J+ + 2-i/2j++ j+ 2-1/2 J++_ =--+ -- (17)
Tideal JT JT JT

If the fraction of JT due to Hg ++ is denoted as

J++ = _JT I

Jj+ = (1 - _)JT

c_ then

(is)

Substituting equations (18) into (17) gives the relation

Tactual
= i - 0.3

Tideal
(19)



12

Estimates of thrust reduction due to doubly charged ions can be made from

equation (19). For electrons emitted with i00 electron volts, the thrust

reduction would be about 9 percent. At a more realistic operating con-

dition (AV i = 50 v) the thrust reduction would be about 4 percent. If

the accelerating voltage were increased sufficiently to compensate for

the drop in thrust, the accelerating power would have to be increased

about 8 percent at AV I = 50 volts, and about 21 percent at _V I = i00

volts. It should thus be apparent that the ion-chamber potential dif-

ference should be kept at 50 volts or less if large losses due to double

ionization are to be avoided. However, other factors (e.g., cathode

emission characteristics, engine stability, etc.) must also be considered

when the optimum value of chamber potential difference is established.

At present, the best overall engine performance is obtained for AV I
of 50 volts.

!

O]

SUMMARY OF RESULTS

Comparative measurements of singly and doubly ionized mercury pro-

duced by an electron-bombardment ion engine were made in order to ob-

tain in a simple and expedient manner some indication of the degree to

which multicharged ions influence the overall performance of an electron-

bombardment ion engine.

The experiment provided good order-of-magnitude measurements.

Limitations on data reliability were introduced mainly as a result of

the low resolution of the spectrometer. Engine instability at some of

the off-design operating Conditions also limited the range of available

data to regions of stable operation. The data indicated that the frac-

tion of the total ion beam current attributable to doubly charged mer-

cury ions varied from about 0.05 at an ion-chamber potential difference

of 30 volts to about 0.3 at i00 volts. The presence of these ions in

the beam had only a slight effect on engine thrust and reduced the cal-

culated value by less than i0 percent at an ion-chamber potential dif-

ference of i00 volts and by about 4 percent at 50 volts.

Lewis Research Center

National Aeronautics and Space Administration

Cleveland, Ohio, February 16, 1962
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(a) Cutaway drawing.

Electron-bombardment ion-rocket engine.
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